Transposable elements (TEs) are known to provide DNA for host regulatory functions, but the mechanisms underlying the transformation of TEs into cis-regulatory elements are unclear. In humans two TEs-MER20 and MER39-contribute the enhancer/ promoter for decidual prolactin (dPRL), which is dramatically induced during pregnancy. We show that evolution of the strong human dPRL promoter was a multistep process that took millions of years. First, MER39 inserted near MER20 in the primate/rodent ancestor, and then there were two phases of activity enhancement in primates. Through the mapping of causal nucleotide substitutions, we demonstrate that strong promoter activity in apes involves epistasis between transcription factor binding sites (TFBSs) ancestral to MER39 and derived sites. We propose a mode of molecular evolution that describes the process by which MER20/MER39 was transformed into a strong promoter, called "epistatic capture." Epistatic capture is the stabilization of a TFBS that is ancestral but variable in outgroup lineages, and is fixed in the ingroup because of epistatic interactions with derived TFBSs. Finally, we note that evolution of human promoter activity coincides with the emergence of a unique reproductive character in apes, highly invasive placentation. Because prolactin communicates with immune cells during pregnancy, which regulate fetal invasion into maternal tissues, we speculate that ape dPRL promoter activity evolved in response to increased invasiveness of ape fetal tissue.
Transposable elements (TEs) are known to provide DNA for host regulatory functions, but the mechanisms underlying the transformation of TEs into cis-regulatory elements are unclear. In humans two TEs-MER20 and MER39-contribute the enhancer/ promoter for decidual prolactin (dPRL), which is dramatically induced during pregnancy. We show that evolution of the strong human dPRL promoter was a multistep process that took millions of years. First, MER39 inserted near MER20 in the primate/rodent ancestor, and then there were two phases of activity enhancement in primates. Through the mapping of causal nucleotide substitutions, we demonstrate that strong promoter activity in apes involves epistasis between transcription factor binding sites (TFBSs) ancestral to MER39 and derived sites. We propose a mode of molecular evolution that describes the process by which MER20/MER39 was transformed into a strong promoter, called "epistatic capture." Epistatic capture is the stabilization of a TFBS that is ancestral but variable in outgroup lineages, and is fixed in the ingroup because of epistatic interactions with derived TFBSs. Finally, we note that evolution of human promoter activity coincides with the emergence of a unique reproductive character in apes, highly invasive placentation. Because prolactin communicates with immune cells during pregnancy, which regulate fetal invasion into maternal tissues, we speculate that ape dPRL promoter activity evolved in response to increased invasiveness of ape fetal tissue.
cis-regulatory evolution | human evolution | human pregnancy I n the pursuit to understand mechanisms underlying the evolution of gene regulation, it has become increasingly clear that transposable elements play a critical role in regulatory evolution by providing novel genetic elements, including new introns, promoters, enhancers, and insulators (1) . In addition to individual examples showing that transposable elements (TEs) are associated with host regulatory function, computational work shows that TEs intersect with many promoter regions (2) and are overrepresented in predicted regulatory regions [(3, 4) ; see review by Feschotte (1) ]. Many questions remain unanswered. How frequently are TEs actually co-opted for regulatory function? What is the adaptive significance of these events? Are TEs used by the host genome immediately upon insertion or do they require extensive sequence evolution before acquiring a biological role? What are the molecular changes that transform a transposable element into a cisregulatory element?
In this paper we address the latter two questions posed above by investigating evolution of the decidual prolactin promoter in primates. In a recent paper we showed that the prolactin gene was independently recruited into uterine expression in primates, mice, and elephants by the co-option of different transposable elements, highlighting the frequency at which TEs can be recruited and their importance in gene regulatory innovation (5) . Here we trace the evolutionary history and function of transposable elements in one of these groups-the primates-to understand precisely how uterine prolactin expression evolved via these elements, and why.
Prolactin is one of the most dramatically induced genes in the human endometrial decidua during pregnancy and one of the most abundant secretory products in amniotic fluid. The precise functions of decidual prolactin remain unclear, but in vitro it is known to cause the proliferation of and enhance the cytotoxicity of uterine natural killer (uNK) cells (6) (7) (8) , immune cells that regulate fetal invasion into maternal tissues (9) (10) (11) (12) . Prolactin protein concentrations from human decidua are much higher than those from rhesus monkeys, and human decidual tissue from early in pregnancy has a much higher capacity to release prolactin in vitro (13, 14) . Because there is a strong correlation between the rate of decidual prolactin (dPRL) gene expression and the rate of dPRL synthesis and secretion (15) , it is likely that the gene is regulated differently at the transcriptional level in monkeys and humans.
In humans, Old World monkeys (OWMs), and New World monkeys (NWMs), it is known that transcription of dPRL initiates from an alternative promoter than that used in the pituitary, located over 5 kb upstream of coding exon 1 (5). The enhancer/promoter region is derived from two transposable elements (5, 16) (Fig. 1A) . A long-terminal repeat called MER39 contains the transcriptional start site (TSS) and is found at the prolactin locus in all primates and rodents (5) (Fig. 1) . The DNA transposon MER20, located about 30 bp upstream of MER39, is common to all placental mammals (17) (Fig. 1A) . Within this MER20/MER39 region there is a roughly 320-bp sequence shown to be critical for dPRL expression in humans and sufficient to mediate full inducibility by differentiation stimulus (18) . Here we examine the evolution and function of the MER20/ MER39 region, and show that transformation of MER39 into a strong promoter in humans was a multistep process that took millions of years. We demonstrate that epistatic interactions between ancestral transcription factor binding sites (TFBSs) in MER39 and derived sites are required for strong promoter activity in apes and humans. Finally, we propose a link between the genetic changes in the TE-derived dPRL promoter and a derived reproductive character in apes: interstitial invasion, i.e., highly invasive placentation (Fig. 1B) .
active than the empty reporter vector, on average about 80× more active ( Fig. 2A) . After 4 d of hormone treatment, the promoters of all primates except the tarsier, the most basal primate tested, were significantly more active than the empty vector, although the ape promoters still drove dramatically stronger expression than those of the nonapes (Fig. 2B) . To ensure that the difference between ape and nonape promoter activity was not due to transregulatory factors in human cells, the orangutan and OWM constructs were tested in rabbit endometrial stromal cells. The pattern in rabbit cells was the same as in human cells after 2 d of treatment, with the orangutan construct being ∼50× more active than that of the OWM (OWM construct: 3.31× activity of empty vector; orangutan construct: 150.33× activity of empty vector). Thus, differences between ape and nonape promoter activities are likely caused by differences in cis-regulatory elements.
Accelerated Evolution of the dPRL Enhancer/Promoter Occurred in Stem Apes. Next we analyzed the evolutionary history of the MER20/MER39 sequence to understand how these functional differences evolved. In a comparison of the promoters tested above and of additional primates with sequence available (Table  S1 ), we noticed a cluster of five nucleotide sites in the region 200 bp upstream of the human TSS, which incurred changes in the ancestral ape lineage and are conserved among the apes we tested (Fig. 3A and Fig. S1 ). Outside of this cluster are only two other sites, downstream of the TSS in intron 1a, with changes in the stem lineage of apes (Fig. 3A) .
We were intrigued by the fact that five of the seven changes that occurred in stem apes are clustered in the characterized human enhancer/promoter region. We tested this region for evidence of positive selection using likelihood-based models that allow for rate variation among lineages in a phylogeny (Materials and Methods). We found marginal evidence for an accelerated substitution rate in the stem ape lineage [likelihood ratio test (LRT) P value = 0.063], and the Bayes empirical Bayes method identified the same five sites mentioned above as being under positive selection in the stem apes (Fig. 3B) . No other lineages in the phylogeny showed evidence of an accelerated substitution rate in the dPRL enhancer/promoter region. It should be noted, however, that it is unknown if accelerated evolution of a noncoding region is the manner in which adaptive change occurs in regulatory DNA (19) .
The orangutan and OWM sequences were analyzed to determine if any of the changes discussed above altered the TFBS profile of the ape promoter. Nucleotide change 1 adds an SP1 binding site to the ape TFBS profile; change 2 adds a YY1 binding site; change 3 adds a RUNX1 binding site; and changes 4 and 5 flank a well-characterized binding site for ETS1 in humans ( Fig. 3A and Fig. S1 ) (20) .
Evolution of the MER20/MER39 Sequence Increased dPRL Promoter Activity in Apes. To determine if any of the substitutions discussed above changed promoter activity in apes, we mutated these sites in the orangutan promoter construct to resemble those of the OWM (referred to as back mutations) and vice versa (referred to as forward mutations). We tested the activity of the mutated constructs in human endometrial stromal cells as above ( Fig. 3 C and D) . The five back mutations together reduced orangutan promoter activity to 25% of wild type (orangMut1-5 in Fig. 3C ); the five forward mutations increased OWM promoter activity by a factor of 3 (owmMut1-5 in Fig. 3D ).
These five substitutions only partially explain the difference between orangutan and OWM promoter activity: the orangutan wild-type promoter is over 200× more active than the OWM wild-type promoter (Fig. 2) . To more completely reproduce this expression pattern, we next added the two sites outside the cluster of five (changes 6 and 7 in Fig. 3A ) that incurred changes in the stem apes. The addition of these mutations to the orangutan construct reduced activity from 25% to 21% of orangutan wild type (orangMut1-7 in Fig. 3C ); the addition to the OWM construct increased activity from 3× to ∼5× the activity of OWM wild type (owmMut1-7 in Fig. 3D ).
Including the seven ape-derived sites tested above, the orangutan and OWM sequences have 39 differences between them (36 SNPs and three insertions/deletions; Fig. S1 ). To aid in the decision of which of these sites to test next, we swapped the MER20 Eutherian phylogenetic tree with two characters mapped: interstitial invasion and presence/mechanism of expression of dPRL transcripts. Groups with an asterisk are those from which prolactin promoter reporter constructs were made in this study.
a Carter (27) reports that orangutan specimens were not available to determine whether orangutan invasion proceeds through the interstitial route, but Mossman (38), Benirschke (39) , and Gruenwald (28) describe fetal invasion in orangutans as interstitial and/or very invasive.
b There is some evidence for interstitial invasion in rats during the last part of pregnancy (40) . and MER39 elements between the orangutan and OWM constructs (Fig. S2) , and tested them as above. The OWM MER20/ orangutan MER39 chimeric promoter was ∼55× more active than the empty vector, whereas the orangutan MER20/OWM MER39 promoter was only 3× more active (Fig. 4A) . Because the orangutan MER39 directs stronger promoter activity, we chose to look in MER39 for additional substitutions that could also be involved in the difference between orangutan and OWM promoter activities.
We next tested an ETS1 site located within MER39, with dramatic results. This site was chosen because previous work showed it to be essential for dPRL expression in humans (20) . The ETS1 binding site (CAGGAA) is located 3 bp downstream of site 4 and 11 bp upstream of site 5 ( Fig. 3A and Fig. S1 ). The core ETS1 site is conserved in all apes but variably present in nonapes (and absent from the OWM species we tested; Fig. 4B and Discussion). In fact, it is likely that the ETS1 site was present upon insertion of MER39 at the PRL locus because the core ETS1 binding site is present in a consensus of MER39 sequences from the human genome (Fig. S3A) . The back mutation on the orangMut1-7 construct (A to G mutation in position 5 of the core site) reduced promoter activity from 21% to 3% of the wild type (orangMut1-7.ETS in Fig. 4C ). The forward ETS1 mutation on the owmMut1-7 construct increased activity from 5× to 28× the activity of wild type (owmMut1-7.ETS in Fig. 4D ).
Epistasis Between Ancestral and Evolved Sites Contributes to Activity of the Ape dPRL Promoter. To estimate the contributions of sites 1-7 and the ETS1 site to ape dPRL promoter activity, we tested some of the sites alone and/or in smaller groups (Fig. 5) . Mutation of site 1 alone did significantly change OWM promoter activity but significantly reduced orangutan activity to 66% of wild type (Fig. 5 A and B) . Mutation of sites 4 and 5 together did not significantly change activity of the OWM or orangutan promoters ( Fig. 5 A and B) . The combination of mutations 1, 4, and 5 significantly increased OWM promoter activity to 1.76× wild type (Fig. 5B) , and reduced orangutan to 37% of wild type, whereas the expected activity of both mutations combined, without epistasis on the multiplicative scale, would be 53% (Fig.  5A) . Thus, the impact of mutation 1 and mutations 4 and 5 are clearly dependent on each other, because there is not a significant change from OWM wild type when the mutations are alone, but there is when they are together, and the combination in orangutan causes a significantly greater reduction in activity than the addition of the two sets alone. These data also show that mutations 2 and/or 3 are involved in the difference between orangutan and OWM promoter activity, because the activities of Mut1,4,5 and Mut1-5 are significantly different for both the orangutan and OWM (Fig. 5 A and B) .
We see a similar pattern of epistasis with the ETS1 site. Mutation of the ETS1 site alone in the OWM increased activity of the promoter 2.8× wild type; mutation of sites 1-7 increased activity 4.8×; and the two sets together increased activity 28× (Fig. 5D ). There is an epistatic relationship between these two sets of mutations, because you would expect a 13. Fig. 3A) are in MER39. ***P < 0.001 (t test) vs. activity of indicated construct. Significant differences shown in Fig. 3 are not repeated.
other. In the orangutan, mutation of the ETS1 site alone reduced activity to 37% of wild type; mutation of sites 1-7 reduced activity to 21%; and the two sets together reduced activity to 3% of wild type (Fig. 5C) . If the two sets of mutations were multiplicative, as expected without interaction, promoter activity would have been 8%, which is significantly higher than what we found. From these data we conclude that at least five sites are involved in the difference between orangutan and OWM promoter activity: site 1, site 2 and/or 3, site 4 and/or 5, site 6 and/or 7 (all derived sites in apes), and the ETS1 site (an ancestral site in apes). These sites contribute in an epistatic way, because the product of fold changes of individual sites/small groups does not equal the fold change of the combination. The deviations from expectation are significant, and range from 1.4-to 2.7-fold. Finally, it is apparent that more sites that were not tested here are involved. The most parsimonious explanation for the remaining difference in promoter activities is that additional bases required for strong orangutan activity were present in the ancestor of OWMs and apes but changed along the OWM lineage (or the lineage of the OWM species we tested). A non-mutually exclusive possibility is that additional mutations occurred on both the human and orangutan lineages that independently increased activity of the promoter in both groups (Fig. 6 ).
Discussion
In this study we examine the evolutionary history and function of the transposable element-derived dPRL promoter in primates to understand mechanisms of cis-regulatory evolution by transposable elements. Our previous work on decidual prolactin expression and the work reported here shows that the MER20/MER39 region was not a promoter upon insertion of MER39 (Fig. 6) ; it evolved to be a weak promoter in monkeys and then a strong promoter in apes (Fig. 6) . Most of our work here elucidates the mechanisms underlying the evolution from a weak promoter in monkeys to a strong promoter in apes. By mutagenesis experiments we show that at least four of seven ape-derived substitutions contributed to increased promoter activity in the apes. We show that an ETS1 site that was previously determined to be critical for decidual prolactin expression in humans is a key player promoting strong ape dPRL promoter activity (20) . We also demonstrate positive/synergistic epistatic interactions between many of the individual sites, with epistatic effects ranging from 1.4-to 2.7-fold of the expectation (Fig. 5) .
The ETS1 site seems to be the most critical of the sites tested for activity of the ape dPRL promoter, because the forward and back mutations alone caused large changes in activity of the promoter (Fig. 5) . As mentioned above, the core ETS1 site is conserved in apes but variable in nonapes: one NWM we tested (Ateles paniscus) has the core site, whereas the other (Cebus apella) does not; also, the OWM we tested, Colobus guereza, does not have an intact site, but rhesus macaques do (Fig. 4B) . Interestingly, Ateles paniscus has stronger promoter activity than the other nonapes we tested that lack the ETS1 site (Fig. 2) . Nevertheless, the ETS1 site must interact with other sites to direct strong activity at this promoter, because Ateles paniscus still has very weak promoter activity relative to the apes (Fig. 2) , and addition of the ETS1 site in Colobus guereza increases activity of the promoter less than threefold, compared with the almost 30-fold increase we saw with the combination of all mutations (Fig. 5) . Thus, it appears that stabilization of the ETS1 site, a key player at the ape enhancer/promoter, required substitutions to nearby interacting sites.
We call the mode of molecular evolution described above "epistatic capture." Epistatic capture is the process by which a TFBS, like the ETS1 site in MER39, comes under increased purifying selection due to epistatic interactions with derived TFBSs. Thus, a TFBS that is present in a TE upon insertion but variable up to a certain point in a phylogeny becomes stabilized as a result of new interactions with derived sites. Epistasis has previously been observed in other cis-regulatory regions-e.g., in an enhancer of the shavenbaby gene in Drosophila-where many subtle-effect substitutions with epistatic effects were involved in its loss of function in one species (21) . The loss of enhancer function in that study was shown to be involved in morphological evolution of Drosophila larvae, although the study did not explore how epistasis evolved or how it affected the evolutionary process (21) . Another example of epistasis in evolution is found in glucocorticoid receptor (GR) evolution (22, 23) . Two different patterns have been observed: an "epistatic ratchet" (23) and what we call here epistatic capture (22) . In the epistatic ratchet, amino acids that acted as epistatic modifiers necessary for evolution to the derived GR state are conserved in ancestral GRs but variable in those with the derived structure/function, making it difficult to reevolve the protein to its ancestral state (23) . In addition, some amino acids show a pattern of variation that is identical to that observed here, where residues become less variable because of epistasis with derived amino acids (22) .
Epistatic capture, as we define it, is not required to occur within a TE but it may be particularly applicable to TEs. Upon insertion at the prolactin locus, MER20 and MER39 provided many near-perfect or perfect TFBSs that would later allow for strong activity of the promoter. As mentioned previously, the ETS1 site was likely present upon insertion of MER39 at the PRL locus. Also, the hypothesized SP1 binding site in which site 1 is located has a core GGCAG motif; other than the A-to-G change that occurred in stem apes (Fig. 3A) , this core site is present in the consensus MER20 sequence, suggesting that a close TFBS was present upon insertion of the TE (Fig. S3B) . The spatial arrangement of these TFBSs probably also facilitated evolution of the promoter, because many of them are located in close proximity to each other and the factors that (may) bind to them are known to interact in other contexts (e.g., ETS1 with RUNX1 and SP1) (24, 25) . It is possible that epistatic capture is a common mechanism by which TEs are converted into Comparison of effects of ETS1 mutation, mutations 1-7, and mutations 1-7 plus the ETS1 mutation (C and D). ***P < 0.001; **P < 0.01; and *P < 0.1 (t tests) vs. activity of indicated construct. Significant differences shown in Figs. 3 and 4 are not repeated. The expected activity of mutations combined, without epistasis on the multiplicative scale, is indicated on the columns showing actual activity of combined mutations. Note that mutations are partly dependent on each other, because the expected effect of individual mutations combined is significantly different from the actual effect of all mutations together.
functional regulatory elements (26) , because TEs are often full of perfect and near-perfect binding sites (1).
Though we have answered the question of how the ape decidual prolactin promoter became so active, the question of why high PRL expression evolved in apes remains. The marginal evidence of positive selection on the dPRL promoter region in the stem lineage of apes suggests that there may have been an evolutionary force driving the increase in promoter activity. We note here that increased invasiveness of the ape placenta coincided with the increase in promoter activity. As shown in Figs. 1 and 6 , fetal invasion in humans and other apes is extremely invasive (referred to as interstitial invasion). Fetal placental cells invade the ape uterus via endovascular and interstitial routes, in contrast to most other mammals, including monkeys, in which migration of fetal cells mainly occurs in arteries (27) . Interstitial invasion allows the ape fetus to remodel maternal vasculature more extensively than monkeys and other mammals (27, 28) . As a consequence of these differences, placentation in the apes is deep and potentially dangerous. In humans, for example, pregnancies that occur in the fallopian tubes or on uterine scar tissue can lead to hemorrhaging and death. Though it is unclear why this aggressive form of placentation evolved, many hypotheses have been put forth, including selection for increased nutrient transfer to the fetus and a larger brain (12, 29) .
In normal human pregnancies fetal invasion is restrained by the endometrial decidua, which consists of differentiated endometrial stromal cells, uNK cells, and an extensive network of vascular tissue. Decidual stromal cells produce many products that inhibit the activity of invasive fetal proteins (30, 31) , and they produce molecules that signal to uNK cells, which are known to regulate placental invasion in humans among other functions (9) (10) (11) (12) . Prolactin is one such product of decidual cells: it has been shown to increase proliferation of uNK cells and increase their cytotoxicity in vitro (6) (7) (8) . It is therefore plausible that as interstitial invasion evolved in the stem lineage of apes, one maternal response was to up-regulate expression of prolactin. This hypothesis remains speculative without further evidence. It is interesting to note, however, that the receptor-ligand interaction that allows uNKs to inhibit placental cells also evolved in the stem lineage of apes. HLA-C molecules on placental cells, and the lineage of KIR genes expressed by uNKs that recognize HLA-C, are only present in the great apes and not in monkeys or more basal primates (12, 27) . Thus, one maternal response to increased aggressiveness of the ape placenta may have been the inhibition of placental cells by uNK cells. A second response may have been to up-regulate prolactin expression to enhance the uNK response.
Materials and Methods
Reporter Constructs. Genomic DNA was obtained from the following species: Homo sapiens (human), Pongo pygmaeus (orangutan), Colobus guereza (mantled guereza, an OWM), Cebus apella (tufted capuchin, a NWM), Ateles paniscus (red-faced spider monkey, a NWM), and Tarsius bancanus (western tarsier). Primers were designed to span MER20 and MER39 for each species, using the annotated genome for that species or that of a closely related species (Table S2) . PCR products were cloned into the pGL4.70 vector (Promega). PGL4.23 (Promega) was used as the internal control.
Cells. Immortalized human endometrial stromal cells (ATCC CRL-4003) were used for most of the experiments and maintained in hormone-free media with 10% charcoal-stripped FBS. Primary rabbit endometrial stromal cells were harvested for some of the transient transfection experiments using the protocol from Bigsby (32) , and maintained in the same media as the human cells.
Transient Transfection Experiments. Cells were plated at a density of 6.0 × 10 4 cells/well in 24-well plates in media with 10% charcoal-stripped FBS. A total of 250 ng of the promoter reporter constructs were cotransfected with 25 ng of the control vector using Lipofectamine LTX reagent (Invitrogen). Six hours later, media was changed to one containing 2% charcoal-stripped FBS. At 12 h later, the media was changed to one containing 10 −6 M medroxyprogesterone acetate (MPA, a stable synthetic progestin) and 0.5 mM 8-bromoadenosine cyclic monophosphate (8-Br-cAMP, a stable cAMP analog). At 48 or 96 h after treatment, a luciferase assay was performed using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. Cells harvested at 96 h had a media change at 48 h. Renilla luciferase activity was normalized to firefly luciferase activity. Transfections were performed with four or six replicates, and experiments were performed at least twice, usually three or more times. Values are means ± SEM.
Molecular Evolution of dPRL Enhancer/Promoter. MER20 and MER39 sequences were retrieved from Ensembl (http://www.ensembl.org/). Sequences were aligned using ClustalW2 (33) and adjusted by eye. Consensus MER20 and MER39 sequences were retrieved from Repbase (34) . The prolactin promoter region (chr6: 22,303,070-22,303,383 on human GRCh37 assembly) was tested for evidence of positive selection using likelihood-based models implemented in an updated version of the software EvoNC (35) Fig. 6 . Summary of the origin and evolution of the MER20/MER39-derived dPRL enhancer/promoter. TEs MER20, MER39, and MER77 are indicated. Note that MER77 is present at the prolactin locus in all species on this tree, even if not depicted. An arrow indicates that a region has promoter activity; size of arrow indicates strength of promoter. Note that strength of mouse promoter has not been tested but location has been determined; rabbits do not express decidual prolactin, so their MER20/ MER39 region is assumed here to lack a promoter (5) . Also note that the presence of decidual prolactin transcripts has not been tested in lemurs. Key events are indicated, such as insertion or deletion of TEs, positive selection (pos. sel.), substitutions that changed activity of the promoter (+ subs), evolution of interstitial invasion (+ interst. inv.), and interaction between killer immunoglobulinlike receptor and major histocompatability complex class I antigen HLA-C (+ KIR/HLA-C).
substitution rate in the prolactin coding region as the neutral proxy for the promoter region, and we included all primates and rodents with available and alignable promoter and coding sequences in the analysis (Table S1) . A LRT was performed comparing the null hypothesis (no positive selection allowed in the stem apes) to the alternative (positive selection allowed). A χ 2 test with 1 degree of freedom was used to determine the significance of the LRT. The Bayes empirical Bayes method was used to identify sites under positive selection.
Identification of TFBSs in the dPRL Enhancer/Promoter. Potential TFBS were identified using the MATCH tool (http://www.biobase-international.com/ gene-regulation), which uses a library of TRANSFAC binding-site matrices. Only TFBS matches with >90% identity to the core binding site motif are reported.
Mutagenesis of dPRL Enhancer/Promoter. Mutations of the promoter reporter constructs were made using the QuikChange Lightning Kit (Stratagene). Mutated reporter constructs were transfected into human endometrial stromal cells and tested for luciferase activity as above. Activities of the mutant constructs are presented as fold changes relative to wild type.
MER20/MER39 Swaps. Chimeric primate MER20/MER39 promoters were made using an overlap extension PCR technique described in Wurch et al. (36) . Fig.   S2 summarizes the technique. Primers were designed according to the recommendations in Wurch et al. (36) .
Statistics. A two-sample t test was performed to determine if interactions exist between activities of different mutations. The expected activity of combined mutations was determined by multiplying mean fold changes of individual mutations together. The default expectation without interaction is multiplicative, because fold changes are defined as multiplicative quantities and thus are expected to accumulate multiplicatively if there is no interaction (epistasis). Hence the multiplicative model of nonepistatic effects is a consequence of the scale-type measures expressed as fold changes (37) .
To determine the SD and SEM for the expected activity of combined mutations, we estimated the propagation of error from individual experiments onto the product using the following equations: SD ðσ E =μ E Þ These equations are approximations based on error propagation theory and assume that there is no correlation between measurements for each set of mutations. For a comparison of the expected and actual activity of combined mutations, a two-sample t test was performed. The number of cases for the expected activity of combined mutations was estimated as follows: n E ¼ σ 
